The classification of the African spiny mice (genus Acomys) within the Muridae family of rodents has been fraught with controversy. Morphological data suggest a close affinity between this group and true old world mice of the genus Mus. However, the combined results of immunological, biochemical, and DNA melting studies suggest that spiny mice should not even be considered as members of the Murinae subfamily. To further elucidate the position of the spiny mice within the rodent phylogenetic tree, we performed a direct sequence comparison of a 583-nucleotide homologous region from the spiny mouse type species Acomys cahirinus and five other representative rodent species. Our results provide incontrovertible evidence to support the contention that the spiny mouse is more closely related to the Mongolian gerbil Meriones unguiculatus than it is to kfus musculus.
Introduction
The African spiny mice are a group of at least eight species of small rodents considered to be unique enough to be given the genus status Acomys. As their common name suggests, the Acomys group has been classified traditionally within the Murinae subfamily of old world mice and rats (Corbet and Hill 1991, p. 193; Wilson and Reeder 1993, p. 564) . Furthermore, a shared complex derived character on the first upper molar within both A4us and Acomys (Jacobs 1978) and other shared morphological characters (Huttere, Lopez-Martinez, and Michaux 1988; Denys et al. 1992) have led some to suggest that African spiny mice are a recent offshoot of the old world mouse lineage. Upon analysis of immunological and biochemical data, however, a very different phylogenetic picture has emerged in which the spiny mice appear to be only distantly related to members of the genus Mus (Bonhomme et al. 1985; Sarich 1985; Wilson, Ochman and Prager, 1987) . For mammals, this is the largest discrepancy known between a morphological and a molecular classification (Wilson, Ochman, and Prager 1987) .
To better understand the position of spiny mice within the rodent phylogenetic tree, Catzeflis and his colleagues (Chevret et al. 1993 ) used the method of liquid-phase DNA-DNA hybridization with the non-highly repetitive fraction of DNA obtained from the type species Acomys cahirinus and samples derived from 20 other taxa-including true old world mice, gerbils, and hamsters-from various subfamilies within the family Muridae. By comparing the reduction in median melting temperature observed for DNA hybrids formed from various pairs of species, these authors obtained strong evidence in confirmation of the placement of the spiny mice outside the clade defined by true old world mice and rats (subfamily Murinae) and within a monophyletic clade including the genera Lophuromys and Uranomys (both of which include animals referred to as brushfurred mice that are found exclusively in Africa). The data of Chevret et al. (1993) suggest that the Acomyd LophuromydUrunomys group is marginally more closely related to members of the Gerbillinae subfamily than to the Murinae subfamily.
In this report we describe the results of a direct sequence comparison that allows a further elucidation of the position of the spiny mice within the rodent phylogenetic tree and provides very strong evidence for a close relationship between the spiny mice and the Mongolian gerbil.
Materials and Methods
The phylogenetic analysis described in this report is based on DNA sequence from the fifth exon of the gene that encodes the kallikrein-binding protein (KBP). KBP is a liver-expressed A4r 60,000 glycoprotein that inhibits the action of kallikrein (Chai et al. 1991b ). Synonyms for rat KBP include Spi-2.2, growth hormoneregulated protein and thyroid hormone-regulated protein (Chai et al. 1991b) . The direct human homolog of rat KBP is known as cx,-anti-chymotrypsin (Chai et al. 1991b ). Other investigators have determined the complete nucleotide sequence of the KBP coding region from the genomes of the common rat Rattus norvegicus and the house mouse Mus musculus (Chai, Chao, and Chao 1991a; Chai et al. 1991b) .
We used the fasta protocol from the Wisconsin GCG package to perform a screen for the presence of additional KBP-similar sequences in Genbank. This screen picked up a hamster KBP isolog (Accession no. M96650) that encodes a polypeptide named pregnancy protein 60 kDa-with the same size and expression pattern as KBl? Strong sequence similarity with the previously characterized KBP genes suggests that this hamster gene is a direct KBP ortholog. However, this assignment is not required for the use of this sequence as an outgroup in the phylogenetic analysis reported here. Conserved stretches of sequence from the rat and mouse KBP homologs were used to develop a pair of primers (5'-TCTCCACTGAGTGATGTGTT-3') and (5 '-GTCCTGGGCCTGATTCTCATG-3') for the polymerase chain reaction (PCR) amplification and cloning of a -600-bp portion of the fifth exon of the KBP gene from three additional species: the black rat (R&us rattus), the Cairo spiny mouse (A. cahirinus), and the common Mongolian gerbil (Merimes unguicukztus). A sample of A. cahirinus DNA was kindly provided by Francois Catzeflis (Montpellier, France). A Mongolian gerbil was obtained from a local commercial supplier and used for the preparation of liver DNA according to standard procedures. A sample of R. rattus DNA was kindly provided by Priscilla Tucker (Ann Arbor, Michigan).
The amplification conditions were as follows: 94"C, 1 min; 55"C, 1.5 min; 72"C, 2 min repeated for 35 cycles. Amplified products were examined by gel electrophoresis and ethidium bromide staining. In all cases, only a single band of the expected size was observed. PCR products were purified using a PCR purification kit (Qiagen) and cloned with a TA-cloning kit (Invitrogen).
Sequencing was performed with the Sequenase kit (U.S. Biochemicals) and the Circumvent kit (New England Biolabs). All sequences were confirmed in at least two independently derived clones. 
Results
The Pileup protocol from the Wisconsin package was used to line up the six KBP sequences as shown in figure 1 . The 583-nt homologous region starts from the beginning of the fifth exon and continues through the coding region into the 3'-untranslated region. The portion of each sequence that codes for polypeptide is boxed in. The KBP stop codon occurs in four different positions among the six sequences. The coding regions of the two rat homologs ends at nucleotide 193, the coding region of the Acomys homolog is extended further by one codon, and the coding regions of the mouse and hamster homologs is extended further still by one codon. Small changes in nucleotide sequence cause an extension of the gerbil sequence by 35 additional codons beyond the mouse sequence.
A phylogenetic analysis based on maximum likelihood was performed with the PHYLIP program of Felsenstein (1991) . The golden hamster sequence was chosen as an outgroup based on traditional systematics (Chevret et al. 1993) . Five hundred bootstrap replicates were performed and the majority-rule strict consensus tree shown in figure 2 was obtained at a frequency of 98.6%. The only other tree obtained in this analysis (at a frequency of 1.4%) differed from the one shown in figure 2 through the placement of the mouse in association with the hamster lineage. A second, independent phylogenetic analysis of the same data set was based on 500 bootstrap replicates with maximum parsimony. Once again, the Acomys sequence was found to associate with the gerbil sequence, and not the mouse or rat sequences, in all 500 trees.
The PHYLIP-derived consensus tree and the associated sequence data set were entered into the MacClade program (Maddison and Maddison 1992) to calculate estimates for the length of each branch along the tree. Three different estimates of branch length were obtained: a minimum estimate based on unambiguous changes unique to each branch; a maximum estimate based on all possible changes that may have occurred along each branch; and an average estimate that gives the most likely set of changes that occurred along each branch. The relative branch lengths obtained with all three estimation protocols are displayed in figure 2.
Discussion
The phylogenetic analysis presented in this report provides strong support for the phylogenetic view suggested by previous molecular studies: spiny mice do not appear to be members of the Old World mouse clade. Rather, our data provide strong support for the branching of spiny mice from the line leading to the gerbil subfamily Gerbillinae. changes; this length is represented by the solid portion of each branch. The second number is the average branch length based on the most likely set of changes; this length is represented by the portion of each branch that extends through the shaded part of the box. The third number is the maximum branch length based on all possible changes; this number is represented by the complete extension of each branch. Indicated below each ancestral branch is the percentage of bootstrap runs that yielded the same set of species contained within.
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If one assumes a molecular clock for the KBP gene that ticks a constant rate among all of the rodent lineages examined in this study, the Cairo spiny mouse and the Mongolian gerbil would appear to be as closely related to each other as two species-R. ruttus and R. norvegicus-within the single genus Rattus. If one assumes a time of divergence for rats and true mice between 15 and 30 myr bp (Wilson, Ochman, and Prager 1987) , a corresponding estimate for the time of divergence of spiny mice and gerbils would be 5-10 myr bp. Confirming evidence in support of the close relationship between the Cairo spiny mouse and the Mongolian gerbil has been obtained in a recent study of partial sequences from a second nuclear locus named TCTEl (S.A. and L.M.S., unpublished data). Further studies with additional loci and with additional species types in the subfamily Gerbillinae will be required to more accurately determine the relative location of the spiny mice within this clade.
